ABSTRACT HARVEY, R. J. (University of California, Davis), AND ALLEN G. MARR. Measurement of size distributions of bacterial cells. J. Bacteriol. 92:805-811. 1966.-Apparatus for the automatic determination of the volume distribution of particles by measurement of the amplitude of pulses generated in a Coulter transducer is described. Distributions of volume estimated by direct measurement of pulse amplitude are distorted by coincidence. Differentiation and integration of the pulses followed by automatic pulse-height analysis permit precise measurement of volume of latex spheres and of bacteria over a range of at least 0.25 to 20 ,l. The apparatus is also capable of accurate determination of particle concentration over a wide range. Other advantages are the speed of both measurement and data processing. Electronic measurement of size. A schematic diagram of the apparatus is shown in Fig. 1 . The transducer was that developed by Coulter (U.S. Patent No. 2,656,508; 1953), with an aperture 30 ,u in diameter. The aperture current was provided by a regulated current supply and was continuously variable from 0 to 2 ma d-c. Rate of flow through the orifice was approximately 0.2 ml/min. The pulses generated by passage of particles through the aperture were amplified 3,000 times by a Tennelec 100B preamplifier (Tennelec Instrument Co., Inc., Oak Ridge, Tenn.).
The technique of determining particle size by measuring the change in resistance as a particle moves through a small channel filled with electrolyte was developed by Coulter (U.S. Patent No. 2, 656, 508, 1953) . Kubitschek (2, 3) No adequate theory relates the volume and shape of the particle passing through the aperture of the Coulter transducer to the amplitude and shape of the resulting electrical pulse. Hence, the validity of measurements of particle size by a system utilizing this transducer requires empirical evaluation. We have used the distribution of size measured by electron microscopy as a primary standard against which the performance of the electronic apparatus was measured.
MATERIALS AND MErODS
Preparation ofsamples for measurement (4) .
Electronic measurement of size. A schematic diagram of the apparatus is shown in Fig. 1 . The transducer was that developed by Coulter (U.S. Patent No. 2,656,508; 1953) , with an aperture 30 ,u in diameter. The aperture current was provided by a regulated current supply and was continuously variable from 0 to 2 ma d-c. Rate of flow through the orifice was approximately 0.2 ml/min. The pulses generated by passage of particles through the aperture were amplified 3,000 times by a Tennelec 100B preamplifier (Tennelec Instrument Co., Inc., Oak Ridge, Tenn.).
The pulses were further amplified by a Tennelec TC200 linear amplifier (Tennelec Instrument Co., Inc.). Amplification could be varied from 4 to 2,048 times at this stage. The linear amplifier was also used to shape the pulses from the transducer. The pulses were differentiated, integrated, and then differentiated a second time. The shape of the output pulse could be varied by adjustment of the time constant of each of the three steps.
The amplitude of the output pulses from the linear amplifier was measured by the analogue-todigital converter of a 180-FM 512-channel pulseheight analyzer (Nuclear Data, Inc., Palatine, Ill. was proportional to the height of the pulse.) Thus, a f (v) distribution of pulse heights was accumulated, which was related to the distribution of sizes of the particles passing through the aperture of the transducer. The -2 accumulation of the distribution was observed on a Tektronix 503 oscilloscope (Tektronix, Inc., Beaverton, Ore.). A record of data was provided by a Teletype 33 page printer and paper-tape punch (Teletype Corp., Skokie, Ill.).
Other measurements were made with a Coulter the manometer of the transducer. The threshold measured by electron microscopy: 0, measured by setting could be adjusted with respect to the particle Coulter Counter model B; *, measured by pulsesize distribution by using the output of the discrimi-height analyzer without differentiation and integration nator to control the pulse-height analyzer in coinci-of pulses, with aperture current of 1.22 ma. Distribudence operation.
tions were transformed to obtain equal means. ferentiation and integration with the linear amplifier is compared with the distribution measured by electron microscopy in Fig. 4 . The coefficients of variation of the two distributions were not significantly different; the probability that the value of chi-square obtained for the difference between the distributions was due to chance was, 0.165. After pulse shaping, the measurement of size was no longer appreciably sensitive to counting rate. None of the first four moments of the measured distribution changed significantly as the counting-rate was varied from 8 X 103 to 2 x 105 particles per min. Units of parameters are in terms of channel number at unit gain.
Statistics, g1 and g2, are calculated from the 3rd and 4th moments about the mean, respectively (1).
d Probability that chi-square for comparison of the distribution with the distribution measured by electron microscopy is due to chance. VOL. 92, 1966 MEASUREMENT OF SIZE DISTRIBUTIONS OF BACTERIAL CELLS accurately measured. These particles are spherical, whereas many bacterial cells have the form of cylinders with hemispherical ends or of prolate spheroids. The latex spheres have a uniform axial symmetry, whereas a population of bacterial cells has a range of axial asymmetry. If the volumes of bacterial cells are to be measured, it must be demonstrated that the shape of the particle does not affect seriously the measurement of its volume. This was demonstrated directly by comparing the distribution of volumes of E. coli measured by pulse-height analysis with the distribution of lengths measured by electron microscopy of 320 organisms from the same population (Fig. 6) .
After transforming the variable to obtain equal means, the variances and the gl and g2 statistics (1) of the two distributions were not significantly different. The probability that the value of chisquare calculated from the differences between Volume, v, jA3 FIG. 6 . Frequency function of distribution of length of Escherichia coli, measured by electron microscopy, compared with the distribution of volume of the same sample measured by pulse-height analysis with differentiation and integration of pulses. Instrument setting as in the legend of Fig. 3 Table 2 .
The time-independent errors in measurement of all four parameters were significantly greater than sampling error. The greatest error was in estimation of the mean; the errors in estimation of the higher moments were just greater than those expected from sampling error. The mean value of each parameter differed significantly among the three groups of measurements; hence, it can be concluded that there is a small but significant time-dependent error in measurement. The variance of the mean exceeded the expected sampling variance far more than did the variances 1. of the higher moments; this suggests that the major source of error in measurement is a variation in the overall amplification of the instrument.
Measurement of particle concentration. Figure   7 shows concentration of 2.051-Iu latex spheres measured by the pulse-height analyzer in the multichannel scaling mode plotted as a function of nominal concentration. Between 104 and 2 X 106 particles per milliliter, the slope of 1.000 indicated no significant coincidence loss over this range. Below this range, background made the counts inaccurate, and above the range counts were lost by coincidence. Figure 8 shows the variance of the measured concentration plotted as a function of nominal concentration. Up to 106 per milliliter, the slope was not significantly different from the value of 1 expected from a Poisson distribution of estimations.
DISCUSSIoN
The results suggest that the amplitude of the voltage pulse generated by the passage of a particle through the Coulter transducer is linearly related to particle volume as proposed by Kubitschek (2, 3 
